INTRODUCTION {#h0.0}
============

Influenza A viruses continue to pose major challenges to public health, causing annual (seasonal) influenza epidemics in humans, emerging epizootics in domestic animals, zoonotic outbreaks at the human-animal interfaces, and the occasional and unpredictable emergence of human pandemic viruses with antigenically novel hemagglutinin (HA) subtypes ([@B1]). Although such viruses are able to infect many warm-blooded avian and mammalian species, the major reservoir is thought to be wild, free-ranging waterfowl and shorebirds ([@B2]). Eighteen distinct HA subtypes distinguished by high genetic and antigenic variability have been identified, 16 of which (subtypes H1 to H16) are consistently found in multiple avian host species ([@B3], [@B4]), but only 4 of these 16 have been incorporated within stably mammal-adapted influenza virus lineages---H1, H2, and H3 in humans, H1 and H3 in swine, H7 and H3 in equines, and H3 in canines ([@B5]).

The genetic pool of avian-origin influenza A (AI) viruses, containing 16 HA and 9 neuraminidase (NA) subtypes, is thus a major genomic source for novel viruses that can potentially adapt to domestic mammals and humans during stable host switch events ([@B6]). Novel host-switched viruses can adapt *in toto* or by genomic segment reassortment with other human- or mammal-adapted influenza A viruses ([@B1]). Since the appearance of highly pathogenic avian influenza (HPAI) H5N1 viruses causing infections in humans and more recently infections with low-pathogenicity avian influenza (LPAI) H7N9 and H10N8 viruses in humans, there has been heightened concern that AI viruses capable of causing human infections may lead to epidemics or pandemics ([@B7]). HPAI virus subtypes H5N1, H7N3, and H7N7 and LPAI viruses, including H9N2, H7N9, H6N1, H10N8, H7N2, and H7N3, have all caused human infections with variable morbidity and mortality ([@B7][@B8][@B12]). The mechanisms by which these avian viruses can stably adapt to mammals and to humans in particular remain poorly understood, as are the underlying determinants of severe pathogenicity in humans ([@B9]).

The 1918 H1N1 influenza pandemic resulted in approximately 50 million deaths worldwide ([@B13]), and while its origin is not fully elucidated, the virus is avian-like in both its coding sequences ([@B5], [@B14], [@B15]) and genome content ([@B16], [@B17]). The reconstructed 1918 virus has been used in a number of studies of host adaptation and pathogenicity ([@B18], [@B19]), and chimeric viruses expressing 1918 HA on contemporary human seasonal influenza virus genomic backgrounds have shown conclusively that the 1918 HA genomic segment encodes a key virulence factor for mammals ([@B15], [@B20][@B21][@B23]). Similar to observations in 1918-1919 human autopsy studies ([@B24]), the fully reconstructed 1918 virus causes extensive viral pneumonia in mice, ferrets, and macaques, including a characteristic alveolitis with a prominent airspace neutrophil and macrophage infiltrate ([@B23], [@B25][@B26][@B27]). Chimeric viruses expressing 1918 HA on a background of seven other gene segments derived from a contemporary human seasonal H1N1 virus also induced a similar respiratory tract pathology, with prominent alveolar neutrophils and macrophages ([@B22]), indicating that the pathogenicity of the 1918 virus is substantially derived from its H1 HA.

In a recent study, a set of eight chimeric "7:1" 1918 viruses was constructed by replacing one gene segment at a time from a contemporary "prototypic" LPAI H1N1 virus ([@B15]). The LPAI virus induced neither weight loss nor pathogenic changes, while the fully reconstructed 1918 virus induced a lethal infection. However, the 1918 chimeric virus encoding avian PB2 was attenuated in mice, and this attenuation was corrected by a single coding mutation, E627K ([@B15]). This mutation previously was shown to be associated with host restriction ([@B28], [@B29]) and with enhanced replication in mice ([@B30][@B31][@B32]). In light of the fact that the 1918 virus H1 is known to be a major virulence factor, the most unexpected observation was that the chimeric 1918 virus encoding the avian H1 HA was not attenuated compared to the fully reconstructed 1918 virus in mice but rather induced a severe respiratory pathology indistinguishable from that of the parental 1918 virus ([@B15]).

These observations led to the hypothesis that the mammalian virulence associated with the 1918 H1 HA was not unique to the pandemic HA but was apparently shared with a contemporary LPAI virus H1 HA. Using the LPAI H1N1 PB2^E627K^ virus, containing a mutation which facilitates viral replication in mammalian cells ([@B15]), we compared pathogenicity and virulence properties of this virus in mice to those of a set of chimeric viruses expressing 13 different contemporary LPAI viral HA subtypes (H1 to -3, H5 to -7, H9 to -11, and H13 to -16) and included H7 genes from two recent human H7N9 zoonotic infection isolates ([@B33]). The chimeric AI viruses were isogenic for seven of their eight gene segments, differing only in the HA gene. These studies showed that chimeric AI viruses containing the H1, H6, H7, H10, and H15 HA subtypes were pathogenic in mice and cytopathic in human cells, providing evidence that zoonotic infections with avian influenza viruses expressing one of these five HA subtypes have the potential to cause more severe disease in mammals and possibly humans.

RESULTS {#h1}
=======

Mouse pathogenicity of isogenic influenza viruses with different low-pathogenicity avian influenza virus HA subtypes. {#h1.1}
---------------------------------------------------------------------------------------------------------------------

In a previous study, an H1N1 LPAI virus (termed here H1^PB2-E627^) was evaluated in a comparative pathogenicity study along with the 1918 influenza virus and chimeric 7:1 1918:AI viruses in mice in which each of the eight chimeric viruses contained seven 1918 gene segments and one of the LPAI virus gene segments. Infection with the H1^PB2-E627^ virus did not cause weight loss or induce pathological changes ([@B15]). In the current study, the PB2 gene of this H1N1 LPAI virus was altered with an E627K mutation to facilitate replication in mammalian cells, and this virus, here termed H1 ([Fig. 1A](#fig1){ref-type="fig"}), was evaluated for pathogenicity in mice ([Fig. 1B](#fig1){ref-type="fig"}). The H1 virus was then compared with a set of chimeric viruses differing only in the HA gene (see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material for sources of HA genes). Thus, chimeric AI viruses expressing representative HAs of different HA subtypes were constructed on a viral genetic background identical to that of the H1 virus (see [Fig. S1](#figS1){ref-type="supplementary-material"}). In addition, chimeric AI viruses expressing the H7 HA from two recent human-origin H7N9 virus isolates were also constructed. With the exception of these human H7N9 isolates, none of the avian-origin IAV viruses contained HA receptor binding domain mutations associated with mammalian adaptation. Isogenic viruses expressing the H4, H8, and H12 HA subtypes could not be recovered (see [Table S1](#tabS1){ref-type="supplementary-material"}). The rescued chimeric "HxN1" viruses (expressing HA subtypes H1 to H3, H5 to H7, H9 to H11, and H13 to H16), each with an identical N1 subtype NA gene and identical viral genetic background in the other seven genomic segments, all grew comparably in MDCK cells (average peak titer of 7 log~10~ PFU) ([Table 1](#tab1){ref-type="table"}). Throughout this report, these otherwise isogenic viruses will be referred to by the HA subtype they express ([Fig. 1A](#fig1){ref-type="fig"}).

![Evaluation of chimeric avian influenza virus pathogenicity in mice. (A) Diagrammatic representation of the construction of the chimeric avian influenza A viruses utilized in the study (see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material and Materials and Methods for additional details). (B) Weight loss in mice following intranasal inoculation of 10^3^ PFU of the H1^PB2-E627^ and H1 viruses. (C) Weight loss in mice following intranasal inoculation of 10^3^ PFU of the chimeric H1 to H16 viruses in mice. (D) Weight loss in mice following intranasal inoculation of 10^3^ PFU of the H7-Shanghai and H7-Anhui viruses. (E) Lung titers (PFU/g) from the above infections at 3 days postinoculation (DPI).](mbo0061420620001){#fig1}

###### 

Properties of isogenic influenza viruses with different LPAI viral HA subtypes

  Virus^[*a*](#ngtab1.1)^   Subtype   Peak MDCK titer^[*b*](#ngtab1.2)^   MLD~50~^[*b*](#ngtab1.2)^   Titer in lung^[*b*](#ngtab1.2)^   SP-D binding HAI (μg)   Pathology score and rating^[*c*](#ngtab1.3)^   
  ------------------------- --------- ----------------------------------- --------------------------- --------------------------------- ----------------------- ---------------------------------------------- ------------
  H1^PB2-627E^              H1N1      7.4                                 \>4                         4.5 ± 0.7                         5.3 + 0.3               ND^[*d*](#ngtab1.4)^                           0 (WNL)
  H1                        H1N1      7.3                                 1.8                         6.8 ± 0.2                         6.3 ± 0.3               \>8                                            3 (Sev)
  H1b                       H1N1      6.7                                 2.5                         ND                                ND                      ND                                             3 (Sev)
  H2                        H2N1      6.5                                 \>4                         3.4 ± 0.2                         3.0 ± 0.0               ND                                             1.5 (Mod)
  H3                        H3N1      5.8                                 \>4                         6.0 ± 0.3                         4.6 ± 0.2               4                                              2 (Mod)
  H4                        H4N1      NR^[*d*](#ngtab1.4)^                                                                                                                                                     
  H5                        H5N1      7.5                                 \>4                         6.1 ± 0.8                         5.6 ± 0.3               \>8                                            2 (Mod)
  H6                        H6N1      7.9                                 2.5                         7.0 ± 0.2                         6.7 ± 0.0               \>8                                            3 (Sev)
  H7                        H7N1      7.7                                 2.5                         6.7 ± 0.1                         6.4 ± 0.6               \>8                                            3 (Sev)
  H7-Anhui                  H7N1      6.9                                 2.3                         6.9 ± 0.2                         7.0 ± 0.2               ND                                             3 (Sev)
  H7-Shanghai               H7N1      6.6                                 1.5                         6.4 ± 0.4                         7.5 ± 0.1               \>8                                            2.5 (Sev)
  H8                        H8N1      NR                                                                                                                                                                       
  H9                        H9N1      6.75                                \>4                         4.8 ± 0.5                         3.1 ± 0.1               ND                                             1.75 (Mod)
  H10                       H10N1     7.25                                1.6                         7.3 ± 0.15                        6.2 ± 0.3               \>8                                            2.5 (Sev)
  H11                       H11N1     7.3                                 \>4                         4.5 ± 0.5                         3.1 ± 0.1               ND                                             1 (Mild)
  H12                       H12N1     NR                                                                                                                                                                       
  H13                       H13N1     5.9                                 \>4                         4.3 ± 0.3                         5.1 ± 0.5               ND                                             2 (Mild)
  H14                       H14N1     7.7                                 \>4                         5.1 ± 0.2                         4.0 ± 0.1               ND                                             1 (Mild)
  H15                       H15N1     7.2                                 3.6                         5.1 ± 0.2                         4.2 ± 0.3               \>8                                            2.5 (Sev)
  H16                       H16N1     7.4                                 \>4                         5.3 ± 0.2                         4.4 ± 0.1               ND                                             0.5 (Mild)

Influenza A viruses were constructed using the 7 gene segments of the LPAI virus H1N1 parental virus with the PB2 E627K mutation (except where noted) but expressing the HA genes of LPAI viruses of different subtypes, as indicated; see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material.

Data are presented as log~10~ PFU.

See Materials and Methods for description of pathology score (range, 0 to 3). Sev, severe influenza pneumonia; Mod, moderate influenza pneumonia; Mild, mild influenza pneumonia; WNL, within normal limits (no pathological changes).

ND, not determined; NR, not rescued. AI^PB2-627K^ viruses bearing H4, H8, and H12 subtype HAs could not be recovered by reverse genetics in this study.

Viral lung titers and mouse pathogenicity of the H1 virus construct were compared to those of the parental H1N1^PB2-E627^ LPAI virus. As expected ([@B15]), using an intranasal dose of 10^3^ PFU in 50 µl, the H1^PB2-E627^ virus induced no pathological changes ([Table 1](#tab1){ref-type="table"}). In contrast, 10^3^ PFU of the H1 virus with the PB2 E627K change was markedly pathogenic in mice, causing rapid weight loss and 100% mortality by day 8 (*n* = 5 per group) ([Fig. 1B](#fig1){ref-type="fig"}). This H1 virus was subsequently determined to have a mouse 50% lethal dose (MLD~50~) of 1.8 log~10~ PFU ([Table 1](#tab1){ref-type="table"}) (*n* = 5 per dose), comparable to the MLD~50~ of the fully reconstructed 1918 virus ([@B15]). In order to exclude that this pathogenic phenotype reflected a strain-specific phenomenon with the HA gene of the H1 virus, a second chimeric H1 virus, expressing the HA from another randomly selected LPAI virus H1 strain (H1b) (see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material), was rescued. The two H1 HA proteins contained 12 coding differences (4; also data not shown). The second H1 virus (H1b) was equally pathogenic in mice, with an MLD~50~ ([Fig. 1C](#fig1){ref-type="fig"} and [Table 1](#tab1){ref-type="table"}) comparable to those of the H1 and 1918 viruses ([@B15]).

To examine mouse pathogenicity in isogenic viruses expressing LPAI viral HA subtypes other than H1, animals were intranasally inoculated with 10^3^ PFU in 50 µl of otherwise isogenic viruses containing seven gene segments from the above H1 virus and HA genes derived from the different LPAI donor viruses (see [Table S1](#tabS1){ref-type="supplementary-material"} and [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material; *n* = 5 per group). A subset of these isogenic viruses induced rapid weight loss and fatal infections: both of the H1 viruses (H1 and H1b), along with the H6, H7, and H10 viruses ([Fig. 1C](#fig1){ref-type="fig"}). Viruses expressing the other HA subtypes (H2, H3, H5, H9, H11, H13, H14, H15, and H16) caused mild weight loss (\<10% maximum weight loss) and no fatalities at a dose of 10^3^ PFU. A comparative MLD~50~ study was next performed, which showed that the H6, H7, and H10 viruses had MLD~50~ of 2.5, 2.5, and 1.6 log~10~ PFU, respectively ([Table 1](#tab1){ref-type="table"}) (*n* = 5 per dose for each virus). Infection with the H15 virus also led to fatal infections (MLD~50~ of 3.6 log~10~ PFU). The remaining viruses (H2, H3, H5, H9, H11, H13, H14, and H16) had an undetermined MLD~50~ (\>4 log~10~ PFU, the highest dose tested).

Because the H7 virus (expressing a North American H7 LPAI viral HA) was pathogenic in mice, we evaluated two additional isogenic chimeric viruses expressing H7 genes derived from two 2013 Chinese H7N9 human isolates, A/Anhui/1/2013 (H7N9) and A/Shanghai/1/2013 (H7N9), on the same genetic background as the other viruses ([Fig. 1D](#fig1){ref-type="fig"}; see also [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material). Both of these chimeric H7 viruses were pathogenic in mice (MLD~50~ of 2.3 and 1.5 log~10~ PFU, respectively) ([Table 1](#tab1){ref-type="table"}) (*n* = 5 per group).

Titers of virus in lung were determined at 3 and 5 days postinfection (p.i.) ([Table 1](#tab1){ref-type="table"}) (*n* = 3 for each time point in each group). All the viruses replicated in mouse lung, with titers ranging from 3.0 to 7.5 log~10~ PFU/g lung tissue. Chimeric viruses expressing the HA subtypes (H1, H6, H7, H10, and H15) resulting in pathogenic infections generally replicated to higher titers in lung than the viruses expressing the remaining HA subtypes ([Fig. 1E](#fig1){ref-type="fig"}), but there was no clear relationship between lung titers at 3 and 5 days p.i. and disease severity. For example, at 3 days p.i., the H3 and H5 viruses replicated to titers very similar to those for the pathogenic H1, H6, H7, and H10 viruses, while viral titers for the pathogenic H15 virus were approximately 2 log~10~ PFU/g lower, comparable to titers observed with the nonpathogenic H11, H13, and H16 viruses ([Table 1](#tab1){ref-type="table"}; [Fig. 1E](#fig1){ref-type="fig"}).

Comparison of viruses with glutamic acid at PB2 amino acid 627 in mice. {#h1.2}
-----------------------------------------------------------------------

The PB2 E627K mutation has long been associated with mammalian adaptation ([@B28]) and pathogenicity of some highly pathogenic H5N1 viruses ([@B34]) and the reconstructed 1918 pandemic virus in mice ([@B15]). As shown, the H1^PB2-E627^ avian consensus virus was apathogenic in mice, while the isogenic virus containing PB2 K627 was quite pathogenic and replicated to titers 1 to 2 log~10~ PFU/g higher ([Fig. 1B](#fig1){ref-type="fig"} and [Table 1](#tab1){ref-type="table"}). To test whether the HA-associated pathogenicity observed with viruses expressing not only H1 but also H6, H7, H7-Shanghai, H7-Anhui, H10, and H15 HAs would also be seen with a set of isogenic viruses encoding PB2 E627, viruses were constructed, and mice were inoculated with 10^3^ PFU intranasally, 5 per group. In all cases, mice lost ≤10% of initial body weight and no lethal infections were observed (see [Fig. S2A](#figS2){ref-type="supplementary-material"} in the supplemental material). Similarly, the parental wild-type LPAI H1N9, H5N1, H6N1, H7N3, and H10N8 viruses (see [Table S1](#tabS1){ref-type="supplementary-material"}) were not pathogenic in mice. Mice lost ≤8% of initial body weight, and no lethal infections were observed (see [Fig. S2B](#figS2){ref-type="supplementary-material"}).

SP-D hemagglutination inhibition *in vitro*. {#h1.3}
--------------------------------------------

The mannose-containing influenza A virus surface glycoproteins HA and NA can be recognized by components of innate immunity in the respiratory system, including collectin family lectins like surfactant protein D (SP-D), expressed by alveolar type II epithelial cells and Clara cells. SP-D was previously shown to bind carbohydrate residues on some influenza A viruses, likely leading to aggregation and clearance ([@B35]). In a previous study, we demonstrated that isogenic influenza viruses expressing the HAs of the 1918, 1957, 1968, and 2009 pandemics showed low binding activity for SP-D and this was correlated with viral replication in alveolar epithelial cells ([@B22]). Since viral replication in the lower respiratory tract was correlated with enhanced pathogenicity in that study, we sought to determine if SP-D inhibition could be correlated with the pathogenicity of the isogenic avian HA-expressing chimeric viruses evaluated here. SP-D hemagglutination inhibition assays were performed with the pathogenic H1, H6, H7, H7-Shanghai, H10, and H15 viruses along with the less pathogenic H3 and H5 viruses. For the avian viruses evaluated ([Table 1](#tab1){ref-type="table"}), SP-D could not inhibit hemagglutination at the highest SP-D concentrations tested (4 to 8 µg), in marked contrast to a control seasonal H1N1 virus, which was inhibited with 0.0625 µg ([@B22]).

Lung histopathology. {#h1.4}
--------------------

Histopathologic changes to the respiratory system induced following mouse infection with the isogenic H1 to H16 viruses were evaluated using a lung pathology scoring system of 0 to 3 (where 0 represented no pathology, and 3 represented severe pathology and the greatest degree of tissue involvement; the average score was derived from two replicate mice per group evaluated independently by two pathologists), 2 per time point for each virus. A score of \<1.5 reflected mild influenza pneumonia, a pathology score of 1.5 to 2.25 reflected moderate influenza pneumonia, and pathology scores of \>2.25 reflected severe influenza pneumonia. The parental LPAI virus H1N1 virus (H1^PB2-627E^) induced no pathological changes (pathology score of 0). In contrast to the case with titers in lung, there was a good correlation of high pathology score and low MLD~50~ with the pathogenic viruses, since infections with the H1, H6, H7, H10, and H15 viruses each resulted in severe pneumonias (pathology scores of 2.5 to 3). The remaining viruses had pathology scores ranging from 0.5 to 2, reflecting mild influenza pneumonia (H11, H14, and H16) or moderate influenza pneumonia (H2, H3, H5, H9, and H13) ([Table 1](#tab1){ref-type="table"}). Examples of avian viruses that induced severe influenza pneumonia in mice are shown in [Fig. 2](#fig2){ref-type="fig"}: H1, H7, H7-Anhui, H7-Shanghai, H6, and H10 ([Fig. 2A to F](#fig2){ref-type="fig"}, respectively). In these animals, pathological changes involved up to 50% of the lung parenchyma with multifocal, moderate to severe, necrotizing bronchitis and bronchiolitis along with moderate to severe alveolitis with multifocal pulmonary edema and fibrinous exudates. The alveolar inflammatory infiltrates were of mixed cellularity, and airspace neutrophils and macrophages were commonly observed ([Fig. 2A](#fig2){ref-type="fig"}, inset). The H5 virus was representative of those viruses that induced a moderate influenza pneumonia pattern ([Fig. 2G](#fig2){ref-type="fig"}). Pathological changes in these animals involved \<25% of the lung parenchyma and demonstrated multifocal, predominantly lymphohistiocytic, mild to moderate alveolitis and bronchiolitis and bronchitis. The parental H1N1 LPAI virus (H1^PB2-E627^) induced no pathological changes ([Fig. 2H](#fig2){ref-type="fig"}).

![Representative histopathologic changes observed in mouse lung following infection with representative chimeric avian influenza A viruses investigated in this study. Photomicrographs of hematoxylin-and-eosin-stained sections of mouse lung at 5 days p.i. following intranasal inoculation with 10^3^ PFU of chimeric viruses; bars = 200 µm. (A) Marked influenza virus pneumonia following infection with the H1 virus, showing alveolitis with prominent airspace neutrophils and macrophages (inset). (B to F) Histopathologic changes similar to those seen following H1 infection with H7, H7-Shanghai, H7-Anhui, H6, and H10 viruses, respectively. (G) Moderate influenza virus pneumonia pattern following infection with the H5 virus. (H) Lung section showing no pathological changes following infection with the H1^PB2-E627^ virus; inset shows normal alveoli without inflammatory infiltrates.](mbo0061420620002){#fig2}

Immunophenotypic analyses of lung inflammatory cells in infected mice. {#h1.5}
----------------------------------------------------------------------

Because the isogenic viruses expressing the H1, H6, H7, H10, and H15 subtypes induced severe influenza pneumonias with prominent inflammatory infiltrates, while the isogenic viruses expressing the other HA subtypes did not, mice infected by representative pathogenic viruses (H1 and H7) and less pathogenic viruses (H3 and H5) were characterized by flow cytometry to determine the distribution of immune cells present in the lung. Mice were infected with 10^3^ PFU of these representative viruses or 50 µl of Dulbecco's modified Eagle's medium (DMEM) as a mock control. At 6 days p.i., mice were euthanized and peripheral blood was flushed from the lungs (*n* = 5 per group). Single-cell lung suspensions were analyzed by flow cytometry. As shown, lung immune cells (CD45^+^) increased following infection compared to homeostatic levels seen in mock-infected lungs ([Fig. 3A](#fig3){ref-type="fig"}). All of the viral infections evaluated resulted in an increase in CD45^+^ cells at 6 days p.i. compared to results for mock-infected animals, although the H5 virus did not reach significance compared to mock infection, as determined by Tukey's multiple comparisons. Moreover, the number of CD45^+^ cells in H1-infected mice was significantly higher than those in H3- and H5-infected mice (*P* = 0.0005 and *P* = 0.0025, respectively). H7-infected mice also exhibited a higher level of CD45^+^ lung cells than H5-infected mice (*P* = 0.0007). These results showed that the more pathogenic H1 and H7 viruses led to increased immune cell recruitment and/or proliferation than the less pathogenic H3 or H5 viruses despite similar titers of virus in lung ([Fig. 1D](#fig1){ref-type="fig"}).

![Immunophenotypic analysis of lung CD45^+^ cells following infection with chimeric avian influenza viruses, at 6 days p.i. (A) Percentage of lung cells that were CD45^+^ at 6 days p.i. following infection with the H1, H3, H5, and H7 viruses, compared to those for mock-infected animals. H1, H3, and H7 infections resulted in a statistically significant increase in CD45^+^ cells compared to mock infection. (B) Percentage of lung CD45^+^ cells by immune cell phenotype. Mature DCs H1 versus H3, *P* = 0.0005; H1 versus H5, *P* = 0.0002; H7 versus H3, *P* = 0.0109; H7 versus H5, *P* = 0.0042. (C) Total percentage of neutrophils and activated macrophages. Both neutrophils and inflammatory macrophages were present in significantly higher percentages in the lungs from the pathogenic H1 and H7 infections than in those from the less pathogenic H3 and H5 infections. For neutrophils: H1 versus H3, *P* \< 0.0001; H1 versus H5, *P* \< 0.0001; H7 versus H3, *P* = 0.1415; H7 versus H5, *P* = 0.0226. For inflammatory macrophages: H1 versus H3, *P* \< 0.0001; H1 versus H5, *P* \< 0.0001; H7 versus H3, *P* \< 0.0001; H7 versus H5, *P* \< 0.0001.](mbo0061420620003){#fig3}

The total population of CD45^+^ cells was then further phenotyped to assess the distribution of different immune cells present in the lungs at 6 days p.i. Overall, the mock-infected mice had higher proportions of resident macrophages (CD11c^+^ SiglecF^+^) and B cells (CD11c^−^ CD3^−^ CD19^+^) than the four groups of infected mice ([Fig. 3B](#fig3){ref-type="fig"}, first row). Remarkably, the H3 and H5 infections did not appear to drastically alter the proportions of immune cells seen during homeostasis, since CD4 T cells (CD11c^−^ NKp46^−^ CD3^+^ CD8^−^ CD4^+^) and CD8 T cells (CD11c^−^ NKp46^−^ CD3^+^ CD4^−^ CD8^+^) were present in H3- and H5-infected mice in the same proportion as in mock-infected mice; NK cells (CD11c^−^ CD3^−^ NKp46^+^) were more abundant than the other groups ([Fig. 3B](#fig3){ref-type="fig"}, second and third rows). Mature dendritic cells (DCs) (CD11c^+^ SiglecF^−^ I-A^d+^) were more abundant following infection with all four viruses; however, DCs were present in significantly higher proportions following H1 and H7 infection than following infection with H3 or H5 ([Fig. 3B](#fig3){ref-type="fig"}, third row). Infection with the more pathogenic H1 and H7 viruses resulted in a large proportion of neutrophils (CD11c^−^ SiglecF^−^ CD11b^+^ Ly6G/C^hi^) and inflammatory macrophages (CD11c^−^ SiglecF^−^ CD11b^+^ Ly6G/C^mid^) ([Fig. 3B](#fig3){ref-type="fig"}, fourth row).

In addition to analyzing proportions of CD45^+^ cell populations, the total number of neutrophils and inflammatory macrophages present were analyzed. H1- and H7-infected mice had significantly more inflammatory macrophages than mock-, H3-, and H5-infected animals, and H1-infected animals had significantly more neutrophils than mock-, H3- and H5-infected animals ([Fig. 3C](#fig3){ref-type="fig"}). H7-infected mice had significantly more neutrophils than mock- and H5-infected animals, with a trend of more neutrophils as compared to that for H3-infected mice.

Global gene expression analysis of lung RNA. {#h1.6}
--------------------------------------------

To characterize the host response to infection, we performed expression microarray analyses with a subset of viruses, including the parental LPAI virus H1^PB2-627E^, the pathogenic viruses H1, H6, H7, and H10, and the mildly pathogenic H3 and H5 viruses. Groups of mice, 5 at each time point, were infected with 10^3^ PFU of each virus, and lungs were collected at 1, 3, and 6 days p.i. Total RNA was isolated from 3 mice per group, and mRNA expression microarray analysis was performed. All viral infections resulted in activation of type I interferon (IFN) responses ([Fig. 4A](#fig4){ref-type="fig"}) with similar expression levels of many type I IFN-related genes, such as those encoding the type I IFN receptor (*Ifnar1* and *Ifnar2*), the associated kinase Jak1, and the transcription factor Irf3 and several interferon-induced genes (ISGs), including *Ifi30*, *Ifitm2*, and *Ifitm3* (see [Fig. S3](#figS3){ref-type="supplementary-material"} in the supplemental material). The pathogenic H1, H6, H7, and H10 viral infections resulted in higher expression levels for many other double-stranded RNA (dsRNA) and type I IFN response genes, such as *Ifih1*, *Ddx58*, *Irf7*, and *Mx1* (see [Fig. S3](#figS3){ref-type="supplementary-material"}). All viral infections resulted in the increased expression of cytokine and chemokine genes compared to results with lungs of mock-infected animals. The H1, H6, H7, and H10 viral infections were also associated with significantly more robust induction of genes related to reactive oxygen species (ROS) and nitric oxide (NO) responses ([Fig. 4A](#fig4){ref-type="fig"}). Examination of genes associated with activation of specific immune cells showed that infection with H1, H6, H7 or H10 viruses resulted in a more potent activation of macrophages and neutrophils compared to that in H1^PB2-627E^, H3, or H5 viral infections (see [Fig. S4](#figS4){ref-type="supplementary-material"}), consistent with flow cytometric analyses.

![Analysis of gene expression responses in mouse lung tissue. Expression microarray analysis was performed with total RNA isolated from lungs of three mice per group collected at days 1, 3, and 6 postinfection with H1, H1^PB2-627E^, H3, H5, H6, H7, and H10 viruses compared to a pool of RNA isolated from uninfected mouse lung tissue. (A) Immune response genes, including type I IFN, cytokines, chemokines, and cognate receptors, and ROS and NO responses. (B) Inflammatory response-related genes identified by ANOVA (using adjusted Bonferroni error correction with *P* = 0.01) as having statistically significant differential expression in the H1, H6, H7, and H10 compared to H3 and H5 viral infections at days 3 and 6 postinfection. (C) Cell death response-related genes identified by ANOVA (using adjusted Bonferroni error correction with *P* = 0.01) as having statistically significant differential expression in the H1, H6, H7, and H10 compared to H3 and H5 viral infections at day 6 postinfection. Genes shown in red were upregulated, genes shown in blue downregulated, and genes in black indicate no change in expression in infected relative to uninfected animals.](mbo0061420620004){#fig4}

While infection with all viruses tested resulted in the activation of antiviral and immune responses, the H1, H6, H7, and H10 viral infections also all caused higher expression of many host response genes. To identify the population of genes that showed significantly higher expression in these more virulent infections, analysis of normal variance (ANOVA) was performed. As shown in [Fig. 4B](#fig4){ref-type="fig"}, the H1, H6, H7, and H10 viruses resulted in significantly higher expression of many inflammatory response genes, including *Il1b* and *Il12b*, than the H1^PB2-627E^, H3, and H5 viruses. Moreover, many of the most highly expressed genes in the H1, H6, H7, and H10 viral infections were associated with activation of monocytes and neutrophils, such as *Cxcl9*, *Cxcl10*, *Cxcl11*, *Ccl2*, *Ccl3*, *Ccl4*, and *Ccl7* (see [Fig. S4](#figS4){ref-type="supplementary-material"} in the supplemental material), again consistent with the flow cytometric analysis showing increased levels of these activated immune cells associated with the pathogenic viruses. ANOVA also revealed that the H1, H6, H7, and H10 viral infections induced more significant cell death-related gene expression responses, including *Casp1*, *Daxx*, *Ripk3*, and *Tnf*, than the H1^PB2-627E^, H3, and H5 infections ([Fig. 4C](#fig4){ref-type="fig"}).

Kinetics and cytopathicity of chimeric avian influenza virus-infected NHBE cell culture. {#h1.7}
----------------------------------------------------------------------------------------

To evaluate whether the observed pathogenicity of avian HA-expressing influenza viruses was restricted to mice, *in vitro* infections of representative pathogenic and less pathogenic viruses were performed in differentiated normal human bronchial epithelial (NHBE) cell cultures, in triplicate. Differentiated NHBE cells grown at the air-fluid interface *in vitro* demonstrated a pseudostratified epithelium with visible ciliated cells, goblet cells, and basal cells. NHBE cultures were infected with H1, H3, H5, and H7 viruses at a multiplicity of infection (MOI) of 1. The H1, H3, and H7 viruses replicated to 5-6 log~10~ PFU/ml ([Fig. 5A](#fig5){ref-type="fig"}), while the H5 virus replicated to lower titers. In contrast, viral infection induces cytopathic changes to the NHBE cells. Interestingly, the H1 and H7 viruses induced markedly more cytopathicity in the NHBE cultures than the H3 and H5 viruses ([Fig. 5B](#fig5){ref-type="fig"}), with the pseudostratified epithelial cell layer reduced to only basal cells by 72 h after infection, correlating well with the observed mouse pathogenicity.

![Infection of differentiated normal human bronchial epithelial (NHBE) primary cell cultures. (A) Replication kinetics of chimeric avian influenza H1, H3, H5, H6, and H7 viruses in NHBE cell culture. Lung titers (PFU/ml) determined on days 1 to 4 postinfection (DPI), following infection with an MOI of 1 at time zero. (B) Histopathology of NHBE cell cultures at 72 h after infection with H1, H3, H5, or H7 viruses at an MOI of 1; original magnification, ×400. The cultures infected with the H1 and H7 viruses show only remnant basal cells, while the H3 and H5 infections show maintenance of a pseudostratified epithelium but with fewer ciliated cells, pyknotic nuclei, increased cytoplasmic vacuolization, and apparent separation of overlying cells from the basal cell layer.](mbo0061420620005){#fig5}

DISCUSSION {#h2}
==========

Influenza pandemics have emerged at least 15 times in the last 500 years ([@B36]), and increasing surveillance in recent years has facilitated identification of a number of influenza A virus zoonotic outbreaks of avian origin ([@B7], [@B8]) or swine origin ([@B37]). The mechanisms of influenza A virus stable host switch are not well elucidated ([@B6]), but for a sustained outbreak to occur, zoonotically derived viruses must be able to infect host cells in the new species, replicate, and be transmitted between humans ([@B5]). It is likely that viral properties including replication, pathogenicity, and transmissibility are polygenic traits driven by mutational pressures that are independent and possibly competing ([@B5]). These factors may have contributed to the variable morbidity and mortality impact of past influenza pandemics and current zoonoses. Understanding the molecular basis of host switch events is an important public health goal to prevent or mitigate an outbreak prior to the emergence of a full-blown pandemic. However, the basis for variable pathogenicity of pandemic and zoonotically derived influenza A virus strains is not well understood.

The 1918 "Spanish" H1N1 influenza pandemic was the worst pandemic in recorded history, with a global mortality of approximately 50 million people ([@B13]) associated with unusual case fatality in young adults ([@B38]). The fully reconstructed 1918 pandemic virus is pathogenic without adaptation in mice, ferrets, and macaques and is associated with markedly increased proinflammatory, cell death, and ROS responses in the lungs of these experimental animals and suppression of type I IFN responses in bronchial epithelial cells ([@B23], [@B26], [@B39], [@B40]). While the 1918 HA has been identified as a key virulence factor in mammalian models ([@B15], [@B20][@B21][@B23]), an H1 subtype HA from an LPAI virus did not attenuate a 7:1 1918 chimeric virus ([@B15]). In the current study, an LPAI H1N1 virus with a single coding change in the polymerase PB2 (E627K) to facilitate viral replication in mouse lung was shown to be equally as pathogenic as the fully reconstructed 1918 virus in mice. Further, inherent mammalian virulence associated with the avian influenza virus H1 was also observed in isogenic chimeric viruses expressing H6, H7, H10, and H15 HAs. These data support the hypothesis that a key virulence feature of the 1918 virus is not unique to the HA in the pandemic virus but is shared with circulating LPAI virus H1 HAs and LPAI virus HAs of H6, H7, H10, and H15 subtypes as well. The variable pathogenicity observed with these chimeric avian viruses did not correlate with SP-D hemagglutination inhibition, suggesting other mechanisms for the observed pathogenicity. The chimeric viruses evaluated in this study would be unlikely to infect wild mice, since they express Mx1 ([@B41]).

The otherwise isogenic LPAI virus chimeras expressing the H1, H6, H7, H10, and H15 HA subtypes share common pathogenic properties with the reconstructed 1918 human pandemic influenza virus in mice. In addition to low MLD~50~ values (\<10^3^ PFU), they induced severe viral pneumonia with a marked inflammatory infiltrate, including increased numbers of macrophages and neutrophils, as seen previously with 1918 influenza virus infections ([@B15], [@B40]), and confirmed in this study by flow cytometric analysis, and changes in whole lung gene expression patterns associated with enhanced inflammatory, ROS, and cell death responses. The analysis of the host gene expression response to infection showed several key features associated with the more pathogenic H1, H6, H7, and H10 infections. In general, gene expression responses to all viruses evaluated showed activation of dsRNA and type I IFN and immune responses; however, these antiviral responses had little impact on reducing viral replication. Previous studies have shown that the 1918 influenza virus, which expresses an NS1 protein very close to the avian influenza virus consensus sequence ([@B15]), is a potent inhibitor of dsRNA and type I IFN responses in infected human cells or nonhuman primates ([@B26], [@B42]). Similar to findings in studies with the 1918 virus, the more pathogenic H1, H6, H7, and H10 viral infections were associated with significantly higher expression of proinflammatory cytokines and chemokine mRNAs (see [Fig. S3 and S4](#figS3 figS4){ref-type="supplementary-material"} in the supplemental material). Also consistent with the inflammatory response to the 1918 virus, higher gene expression associated with recruitment and activation of macrophages and neutrophils was also observed with the avian H1, H6, H7, and H10 viruses. Neutrophils and macrophages were also demonstrated to be present at statistically higher levels in these infections by flow cytometry and corroborated by histopathology. Previous studies have shown that activation of these immune cell types, particularly neutrophils, is an important feature of 1918 influenza viral infections in animal models ([@B25], [@B27], [@B40]). Similarly, neutrophilic alveolitis was also commonly observed in 1918 human autopsy samples ([@B43], [@B44]). Thus, a key driving force of primary severe lung pathology resulting from certain influenza virus infections, such as infection with the 1918 virus, are likely related to activation of macrophages and neutrophils with concomitant activation of ROS and cell death responses. Supportive of this view, we reported that mice infected with a lethal dose of the 1918 influenza virus and treated with the catalytic catalase/superoxide dismutase mimetic organometallic drug EUK-207 had greatly increased survival and reduced severity of lung pathology, particularly ROS damage of alveolar epithelial cells ([@B39]). In future work, it would be interesting to evaluate these isogenic viruses for differential replication and alterations in host gene expression in macrophages *in vitro*.

Intriguingly, we also observed marked differences in the cytopathicity of these chimeric avian viruses in differentiated primary NHBE cells, demonstrating that expression of different HAs can directly affect cell death and/or autophagy responses in primary human lung epithelial cells. This suggests that increased activation of cell death gene expression responses observed in H1-, H6-, H7-, and H10-infected mouse lungs likely results from both directly cytopathic viral infection and immune cell killing via macrophages and neutrophils. Additional studies are under way to determine the mechanisms underlying these observations. The HA subtypes associated with enhanced pathogenicity are genetically divergent and include both group 1 and group 2 subtypes, but it is possible that there are shared structural or physiological features that might underlie the enhanced pathogenesis observed. Some possibilities include differential glycosylation patterns, differences in pH optima of fusion, or differential cell entry. Moreover, the *in vitro* results indicate that the enhanced pathogenicity of H1, H6, H7, and H10 viruses is not limited to experimental mouse infections, and these HA subtypes could contribute to enhanced pathogenicity observed in humans in some avian influenza virus zoonotic infections. Taken together, these findings suggest that several independent factors are critical for development of a pathogenic phenotype when an LPAI virus adapts to a mammalian host---polymerase adaptations, inhibition of antiviral responses to enhance viral replication, and an HA from one of the above subtypes to exert an independent virulence property that triggers cell death and robust inflammatory responses.

Influenza A virus HA subtypes did not evolve from a common ancestor in a single radiation and also demonstrate higher-order clustering into two larger, deeply divergent clades ([@B4]). Interestingly, the avian HA subtypes associated with increased pathogenicity are found in both higher-order clades 1 and 2 but are clustered in two smaller subclades, a clade 1 subclade containing H1 and H6 and a clade 2 subclade containing the H7, H10, and H15 HAs ([Fig. 6](#fig6){ref-type="fig"}). The observed clustering of these HA subtypes suggests the possibility that these five HA subtypes might share some sequence and/or structural feature(s) contributing to the observed mammalian virulence. In the future, it would be interesting to examine the role of HA/NA interactions in the context of pathogenicity with other avian influenza NA subtypes, since all the chimeric viruses evaluated here expressed the identical N1 subtype NA.

![Representative avian influenza A virus hemagglutinin phylogenetic tree. Tree topology is based on the work of Dugan et al. ([@B4]). Chimeric avian influenza viruses with HA subtypes associated with mouse pathogenicity are indicated by black mice and enclosed with the bracket; viruses associated with less pathogenicity are indicated by white mice. N.D., not determined.](mbo0061420620006){#fig6}

Recent zoonotic outbreaks associated with LPAI viral infections of H7N9, H10N8, and H6N1 have been associated in many cases with substantial morbidity and mortality. In the last year, 2013-2014, H7N9 infections have been documented in 375 people as of 8 April 2014 ([@B45]), with 115 deaths (30.6% case fatality rate). The H7N9 viruses are LPAI viruses without an HA polybasic cleavage site, but significantly, the majority of human isolates have contained the PB2 E627K mutation ([@B46]) (35/48; 73% of sequences in GenBank), and several cases without E627K have the mammal-associated PB2 mutation D701N ([@B47], [@B48]). During the 2003 H7N7 outbreak in the Netherlands, sequence analysis of the virus isolated from the single human fatality also contained a PB2 E627K mutation ([@B49]). A fatal infection with an H10N8 LPAI virus was also recently reported ([@B50]), and the isolate was also shown to encode a PB2 E627K mutation ([@B12]). Prior human or mammalian infections with H10 LPAI viruses have been rare, but a large and highly fatal H10N4 outbreak occurred in mink farms in Sweden in 1984 ([@B51]). Recently, viral sequences from that outbreak were shown to contain a PB2 D701N mutation ([@B52]). A documented H6N1 human infection was also recently reported ([@B10]), raising concern about zoonotic potential of H6 LPAI viruses ([@B53]). Interestingly, LPAI H6 strains have been associated with mouse and ferret pathogenicity ([@B53][@B54][@B55]), as have LPAI H1N1 strains ([@B56]). Given the rapid accumulation of the PB2 E627K mutation during mouse infections with the 1918^AI-PB2^ virus ([@B15]) or H5N1 viruses ([@B57]), it would be of interest to examine sequences of the viral polymerase genes during the course of infection from lung-derived isolates in the above mouse LPAI H1 and H6 studies.

The 16 HA subtypes found in wild aquatic birds are not uniformly distributed. HA subtypes H1, H6, H7, H10, and H15 collectively account for \~40% of LPAI viruses in large ecological surveys ([@B3], [@B58]), with H6 being most commonly observed, H1, H7, and H10 subtypes being less common, and H15 being rare. It is therefore likely that a sizeable fraction of human exposure to LPAI viruses involves strains expressing one of these five HA subtypes. In the murine infections evaluated here, the isogenic chimeric LPAI viruses (with the single PB2 E627K mutation to facilitate replication) that expressed one of these five HA subtypes resulted in a pathological phenotype very similar to or indistinguishable from that of the 1918 pandemic virus, supporting and expanding the hypothesis that 1918-like LPAI viruses circulate in wild birds ([@B15], [@B59]). However, despite countless exposures at the human-animal interface, pandemic influenza viruses emerge very infrequently.

This suggests that the pathway for an avian influenza A virus to become a pandemic strain is an extremely complex, multifactorial process not easily achieved. Ecological and biological constraints still poorly understood likely limit emergence of pandemic influenza viruses, including adaptations to intermediate hosts as well as the acquisition of human adaptations that facilitate replication and ultimately transmissibility. Despite this complexity, severe influenza pandemics like that of 1918 have occurred in the past and consequently may occur in the future. The data presented here support the hypothesis that zoonotic AI virus infections caused by AI viruses expressing the H1, H6, H7, H10, or H15 subtype might be associated with enhanced morbidity in humans. Enhanced surveillance is important to characterize novel viruses at the animal-human interface, but ultimately, a broadly reactive "universal" influenza vaccine may offer the best protection against future pandemics ([@B60]).

MATERIALS AND METHODS {#h3}
=====================

Virus preparation. {#h3.1}
------------------

A set of isogenic chimeric rescued "7:1" viruses was prepared using standard reverse genetics as previously described ([@B15]). All rescued viruses constructed for this study contained the same seven gene segments (PB1, PB2, PA, NP, NA, M and NS) from an LPAI virus (influenza A/Green Wing Teal/Ohio/175/1986 \[H2N1\]) ([@B15]). This parental AI virus was chosen because the "internal" genes of this virus were each very similar to AI virus consensus sequences ([@B15]). In each case (except where indicated), the PB2 gene contained the E627K mutation to facilitate replication in mouse lungs ([@B15]). The isogenic viruses expressing H1 to H3, H5 to H7, H9 to H11, and H13 to H16 HA subtype genes were successfully rescued. Chimeric viruses possessing H4, H8, and H12 were not able to be rescued. A summary of the HA donor strains is shown in [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material. Full-length HA gene segments (except for H14 and H15) from the LPAI viruses were produced by reverse transcription PCR (RT-PCR) and cloned into pHH21 vectors as described elsewhere ([@B15]). HA genes of the H14 and H15 subtypes were synthesized (GenScript, Piscataway, NJ) prior to cloning into pHH21 vectors. The HA genes from two recent human H7N9 isolates were also produced by RT-PCR from the A/Anhui/1/2013 (H7N9) strain, and this clone was subsequently mutagenized to match the A/Shanghai/1/2013 (H7N9) HA sequence (nine coding changes). The chimeric viruses were grown in Madin-Darby canine kidney (MDCK) cells for 1 to 2 passages. The genomic sequence of each rescued virus was then confirmed by sequence analysis of the inoculum. All viruses and infectious samples were handled under enhanced biosafety level 3 (BSL-3) laboratory conditions, in accordance with the biosafety guidelines of the NIH Division of Health and Safety following approvals by the NIH Institutional Biosafety Committee. Work with these viruses was evaluated by the NIH/NIAID Division of Intramural Research and the Institutional Biosafety Committee and determined not to constitute dual-use research.

SP-D inhibition assay. {#h3.2}
----------------------

Surfactant protein D (SP-D) inhibition *in vitro* was performed as previously described ([@B22]). Briefly, the minimum concentration of SP-D required to fully inhibit the hemagglutinating activity of the viral suspension was determined as previously described ([@B22]).

Mouse infection. {#h3.3}
----------------

Groups of 6- to 8-week-old female BALB/c mice (Jackson Laboratories, Bar Harbor, ME) were lightly anesthetized in a chamber with isoflurane supplemented with O~2~ (1.5 liters/min) prior to intranasal (i.n.) inoculation with virus in a total volume of 50 µl. Viruses were diluted in sterile phosphate-buffered saline (PBS) or Dulbecco's modified Eagle's medium (DMEM) where appropriate. Survival and body weight were monitored for up to 14 days, and mice that lost more than 25% starting body weight met euthanasia criteria and were humanely killed. Mouse 50% lethal doses (MLD~50~) were determined by inoculating groups of five mice with serial 10-fold dilutions of virus. MLD~50~ were calculated by the method of Reed and Muench ([@B61]) and were expressed as the log~10~ plaque-forming units (PFU) required to give 1 MLD~50~. For the experimental animal study comparing the pathogenicity between viruses, groups of 5 mice were inoculated i.n. with 1,000 PFU of each virus. On 3 and 5 days postinoculation (p.i.), lungs from 3 animals were collected for viral titration, and on 5 days p.i., lungs from 2 additional animals were collected for pathology from each virus group. Total lung RNA was isolated from animals on 1, 3, and 6 days p.i. (see below). Viral titers in lung were determined by plaque assay in 10% (wt/vol) lung suspensions prepared by homogenization in sterile 1× L15 medium. Lungs collected for histopathology were inflated with 10% neutral buffered formalin (NBF) at the time of harvest in order to prevent atelectasis. All experimental animal work was performed in accordance with United States Public Health Service (PHS) Policy on Humane Care and Use of Laboratory Animals in an enhanced animal BSL-3 (ABSL-3) laboratory at the National Institute of Allergy and Infectious Diseases (NIAID) of the National Institutes of Health (NIH) following approval of animal safety protocols by the NIAID Animal Care and Use Committee.

Histopathology, immunohistochemistry, and digital microscopy. {#h3.4}
-------------------------------------------------------------

NBF-fixed mouse lungs were processed for histopathology and immunohistochemistry as previously described ([@B15]). Hematoxylin and eosin (H&E) stains were examined from two mice per virus group at 5 days p.i. Immunohistochemistry for influenza A virus antigen distribution used a goat polyclonal primary anti-influenza A virus (ab20841; Abcam, Cambridge, MA) and was completed on the same sets of tissues. All slides were scanned on an Aperio ScanScope XT system (Aperio, Vista, CA), enabling whole-slide analysis. Two pathologists reviewed these slides independently in a blinded fashion and then together in order to confirm consistent adherence to the scoring criteria. In order to compare degrees of lung pathology across the viruses, a lung pathology score of 0 to 3 (where 0 represented no pathology, and 3 represented severe pathology and the greatest degree of tissue involvement; see below) was given to each mouse by each pathologist, resulting in 4 pathology scores per virus. These scores were then averaged to obtain a single pathology score per virus. These scores are presented in [Table 1](#tab1){ref-type="table"}. Lung sections were classified as mild influenza pneumonia (pathology score \< 1.5), moderate influenza pneumonia (pathology score of 1.5 to 2.25), or severe influenza pneumonia (pathology score \> 2.25).

Histologic descriptions for these 3 categories follow. Mild influenza pneumonia is defined as a pneumonic pattern characterized by a multifocal mild, predominantly lymphohistiocytic alveolitis and bronchiolitis, with low numbers of perivascular lymphocytes; and occasionally, a few bronchi had intraluminal inflammatory cells and/or necrotic debris. The extent of respiratory parenchyma involvement was up to 15%. Moderate influenza pneumonia is a pneumonic pattern characterized by a multifocal typically lymphohistiocytic and occasionally additionally neutrophilic, mild to moderate, occasionally severe alveolitis and bronchiolitis. Additionally, many mice had bronchitis, sometimes necrotizing. Perivascular lymphocytes were more prominent, and occasionally there was perivascular edema. The extent of respiratory parenchyma involvement was up to 25%. Severe influenza pneumonia is a pneumonic pattern characterized by a multifocal lymphohistiocytic or mixed (lymphohistiocytic and neutrophilic) moderate to severe alveolitis and bronchiolitis with occasional multifocal, marked fibrinous exudates. There was multifocal to nearly diffuse moderate to severe, frequently necrotizing, bronchitis. Perivascular lymphocytes and occasionally marked edema were also present. Up to 50% of respiratory parenchyma was involved.

Flow cytometric analyses. {#h3.5}
-------------------------

After euthanasia at 6 days p.i., the lungs were flushed of peripheral circulating cells by pushing 5 ml of PBS through the right ventricle of the heart. Lungs were then removed and placed in RPMI medium plus 10% fetal bovine serum (FBS) on ice. Lung tissues were minced with scalpels into 1- to 2-mm pieces and incubated with 1 U/ml collagenase D (Roche Applied Science, Indianapolis, IN) in RPMI for 30 min at 37°C. Minced pieces were pushed through 100-µm nylon mesh to create a single-cell suspension. Residual red blood cells were lysed with ACK lysis buffer (Sigma-Aldrich, St. Louis, MO). Cells were fixed with 2% paraformaldehyde (Sigma-Aldrich) at room temperature for 15 min in the dark. Approximately 2 × 10^6^ cells were stained the following day with anti-CD16 (FcR block), CD4-phycoerythrin (PE), Ly6G-PE, I-A^d^--fluorescein isothiocyanate (FITC), CD11c-FITC, SiglecF-Alexa Fluor 647, CD3-allophycocyanin (APC), CD45-peridinin chlorophyll protein (PerCP)-Cy5.5, CD11c-PE-Cy7, CD19-PE-Cy7, CD11b-V450, NKp46-V450, CD19-APC-Cy7, and CD8-APC-Cy7 (BD Biosciences, eBio, BioLegend, San Diego, CA) for 20 min at 4°C. Cells were analyzed using a BD FACSCanto II instrument (BD Biosciences) and FlowJo software (TreeStar, Ashland, OR).

Gene expression analyses. {#h3.6}
-------------------------

Tissues were collected at 1, 3, and 6 days p.i., and total RNA was isolated from whole mouse lungs of three individual mice in each group by homogenization in 10% (wt/vol) Trizol (Invitrogen, Grand Island, NY), followed by chloroform extraction and isopropanol precipitation. RNA quality was assessed using a BioAnalyzer instrument (Agilent Technologies, Santa Clara CA). For expression microarray analysis, equal masses of RNA isolated from lungs of individual infected animals were compared to a pool of RNA isolated from lungs of mock-infected mice.

Gene expression profiling experiments were performed using Agilent mouse whole-genome 44K microarrays (Agilent Technologies, Santa Clara CA). Fluorescent probes were prepared using the Agilent QuickAmp labeling kit according to the manufacturer's instructions. Each RNA sample (three biological replicates per virus per time point) was labeled and hybridized to individual arrays. Spot quantitation was performed using Agilent's Feature Extractor software program, and all data were then entered into a custom-designed database, SlimArray, and then uploaded into the program GeneData Analyst 8.1 (GeneData, San Francisco, CA). Data normalization was performed in GeneData Analyst using central tendency followed by relative normalization using pooled RNA from mock-infected mouse lung as a reference. Expression analysis and statistical analysis, including *t* test and analysis of variance (ANOVA), were performed using the TIGR MultiExperiment Viewer 4.9 ([@B62]) and Tibco Spotfire 6.5 (Tibco Spotfire, Boston, MA) software programs.

NHBE cell culture and infection. {#h3.7}
--------------------------------

Normal human bronchial epithelial (NHBE) cell cultures were differentiated and cultured in 24-well plates as described previously ([@B63]). For *in vitro* viral infections, all viruses were grown in NHBE cells at a multiplicity of infection (MOI) of 1, and 12 wells of the NHBE cells were infected for each virus at each time point for viral titers and pathology. Prior to infection the cells were washed two times with 300 µl PBS. Virus (1 MOI) in 100 µl PBS was added to each well, incubated for 1 h at 37°C, and then washed twice with 300 µl PBS, and then 100 µl PBS was added to each well and cells were incubated at 37°C in a humidified atmosphere with 5% CO~2~. Cells and supernatants were harvested at 24, 48, 72, and 96 h after infection.

Statistical analysis. {#h3.8}
---------------------

Mortality and the average number of days p.i. until death or endpoint euthanasia were analyzed by using ANOVA in the program GraphPad Prism version 5.0 (GraphPad Software Inc., La Jolla, CA); a *P* value of 0.05 or less was considered significant. Response variables that varied significantly by treatment group were further subjected to comparisons for all pairs by using the Tukey-Kramer test. Pairwise mean comparisons between inoculated and control groups were made using the Student *t* test.

SUPPLEMENTAL MATERIAL {#h4}
=====================
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Diagrammatic representation of the construction of the chimeric avian influenza viruses produced for this study. An avian H1N1 virus, chosen as a "prototypic" avian influenza A virus because each of its genes encodes proteins close to the avian consensus sequence ([@B14]), termed here H1^PB2-E627^, had an E627K mutation placed in the PB2 gene (white box in the first gene segment) to create the H1 virus. Subsequent chimeric viruses were created by substituting the H1 hemagglutinin gene segment for other subtypes (H1--H16). Note the other 7 gene segments are identical to the H1 virus. Download
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Figure S1, PDF file, 0.2 MB
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Evaluation of mouse pathogenicity by weight loss. (A) Evaluation of mouse pathogenicity by weight loss for a subset of chimeric avian viruses with an E627 in PB2. Viruses were constructed on the H1 background (as in [Fig. S1](#figS1){ref-type="supplementary-material"}) but with a PB2 E627, and different hemagglutinin subtypes, including the H1, H6, H7, H10, H15, H7-Shanghai, and H7-Anhui hemagglutinins. (B) Evaluation of mouse pathogenicity by weight loss for a subset of wild-type avian viruses that were the parental donor strains of the H1, H5, H6, H7, and H10 virus hemagglutinins (see [Table S1](#tabS1){ref-type="supplementary-material"}). Download

###### 

Figure S2, PDF file, 0.1 MB
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Expression of selected type I IFN response genes in mouse lung tissue. Bar graphs show average expression and standard errors of the mean (SEM) from 3 animals per group relative to uninfected control, as determined by expression microarray. Download
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Figure S3, PDF file, 0.3 MB
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Expression of selected chemokine and cytokine genes in infected mouse lung tissue with statistically significant differential expression as identified by ANOVA using adjusted Bonferroni error correction with *P* = 0.01. Bar graphs show average expression and standard errors of the mean (SEM) from 3 animals per group relative to uninfected control, as determined by expression microarray. Download
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Figure S4, PDF file, 0.2 MB
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Sources of hemagglutinin genes for production of isogenic LPAIV viruses.
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Table S1, DOC file, 0.1 MB.
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